DISCLAIMER
Portions of this document may be illegible in electronic image products. Images are produced from the best available original document. 
ABSTRACT
Because of good sensitivity, small probe size, and relative ease of handling, thermoluminescent dosirnetry (TLD) provides a useful method for measuring gamma-ray heating in critical facilities. The Bragg-Gray principle of cavity ionization is useful in analyzing the data if thin layers of phosphor, surrounded only by the material in whichheating is to be measured, are used. Measurements Investigation of sensitivity to thermal and fastneutrons failed to reveal any appreciable perturbations under the experimental conditions encountered. Reproducibility of relative measurements was about 5-10%, which was adequate for the purpose; refinements in technique could improve on that. For absolute measurements, there were additional uncertainties:
115% in the measurement of the absolute power of the critital facility, and approximately 410% in a spectrum correction factor.
I. INTRODUCTION
In the design of a high-power reactor, knowledge of the gamma-ray heating is needed both for determining cooling requirements and for predicting where thermal stresses will be important. The work reported here was undertaken to facilitate the design of the Argonne Advanced Research Reactor (AARR), for which purpose measurements of gamma-ray heating in the preliminary critical assembly were desired. Thermoluminescent dosimetry (TLD) was used to make the measure-' ments. This is a less direct approach than calorimetry, but calorimetric measurement of gamma-ray heating rates in critical assemblies is very difficult, since the gamma flux at a typical power level of 50-100 W would cause a temperature rise of only ab.out IC/hr, assuming perfect insulation of the calorimeter. Consequently, the possibility of an indirect measurement was considered, and it was concluded that an ionization detector would provide the desired information with the requisite sensitivity. TLD was selected, in preference to an ionization charnber, because of the inherently smaller probe size and the possibility of making simultaneous measurements at many different positions. A photographic emulsion was also considered, but it seemed that TLD was potentially more reproducible, easier to handle, and had a larger useful range. It has been reported that the CaFz: Mn phosphor has a linear range of six decades or more.1
The methods reported here could be refined further. Work on this project was terminated, at least temporarily, along with termination of the critical experiments for the AARR. However, the desired experimental information was obtained from the TLD work, the accuracy requirements not being particularly stringent. This point is discussed later (Section V.B).
II. THEORY A. Principle of Thermoluminescent Dosimetry
In brief, the principle of·TLD is this: An ionizing particle, in passing through a suitable crystalline material, raises electrons into the conduction band, and some of these electrons, instead of falling directly back to the ground state, are captured in trapping centers at some intermediate energy level. The trapped electrons cannot get to a lower energy state except by first returning to the conduction band. In a material suitable for TLD work, the energy required to raise the trapped electrons back to the conduction band is not available from thermal motion at room temperature, but becomes available when the temperature is raised to approximately 200-3000C. In subsequently falling from the conduction band, the electrons emit visible -wavelength radiation, which can be detected by a photomultiplier tube. Further details are contained in Refs. 1 and 2.
The two most commonly used phosphors for TLD purposes are lithium fluoride and calcium fluoride, activated with a suitable material to provide the trapping centers. These powders can be irradiated and then stored for protracted periods before being read out. Readout can be accomplished with 5 mg or less of the powder, but normally a larger sample than this will be irradiated to permit two or more readings to be made. Calibration is accomplished by exposing samples from the same batch of powder in a known gamma-ray field.
B. Bragg-Gray Principle of Cavity Ionization
Interpretation of the measurements is based on the Bragg-Gray theory of cavity ionization, [3] [4] [5] [6] [7] with the recognition that there are some uncertainties in its application to TLD detectors, particularly for low-energy electrons. The standard formulation of the Bragg-Gray principle is D=P·W·J, where D is the dose in the wall material, in ergs/g or rads; P is the mass stopping power for electrons in the wall, relative to the mass stopping power of the detecting material; W is the energy required to create an ion pair in the detector, and J is the number of ion pairs created per gram of detector.
For this formula to hold, the following two conditions must be met: The wall must be thicker than the range of the primary electrons being detected, and the detecting material must be thin enough so that the electrons passing through it lose only a small part of their energy. Under these conditions, the response of the detector is a function of the rate of interaction of the gamma rays with the wall material, not with the detecting material. If the latter has, in effect, the same atomic number as the wall material, the requirement that the detecting material be thin can be relaxed.
The Bragg -Gray Assume that fz is the same in both cases, even though the prevailing gamma spectra are different. In the latter case, the 0-1-MeV region was divided into five equal energy groups, and Eq. 2.10 was applied, with values·of \1.eJP taken at energies of 100, 300, 500,. 700, and 900 keV.8,9
The· results of these calculations of the mass energy-absorption coefficients for several substances are given in Table III . The values for the low-Z materials beryllium, aluminum, and Lucite are ·not particularly sensitive, even here, to the low-energy gamma spectrum. For elements of higher atomic number, ·however, Beri /P rises rapidly as the gamma energy drops below approximately 300 keV, which accounts for the spread in the iron values in Table III . At the position of the pressure-vessel wall, the gamma spectrum is considerably harder, and the effective mass energy-absorption coefficient is insensitive to the gamma-flux shape in the 0- The ratio gr/gc, which depends on the difference between the calibration and reactor gamma-ray spectra (see Section Ii.C), can be determined empirically by an experiment using an ionization chamber . Let the chamber·and some TLD capsules have walls of material z, with thickness greater than the range of the primary electrons. The chamber ia irradiated in the calibrated gamma facility, and the ion current Ic is observed in the known gamma field. The chamber is then transferred to Lhe reactor, and the current Ir is observed while a TLD sample is being irradiated at the· same place, at constant power, for a known time tr. A TLD sample is also irradiated in the gamma facility, at the same exposure rate as used for the chambe r, for a tinle tc.
The gas in the ionization chamber is not necessarily air. Let Da be the dose received in time tc by the gas.filling, in the calibration exposure, I and let fz be the ratio of the dose in the gas filling to the dose in the wall, An assumption here has been that the ratio fl/fz is the same for the gamma spectra of both the calibration facility and the reactor, an assumption that is probably reasonable for most counter gases.
We have also assumed that.the phosphor has no neutron sensitivity.
If it does, however, then. that effect will be included inthe value of gr /gc as calculated by Eq. 2.15, and thus the gamma dose rates as calculated from Eq. 2.4 or 2.6 will automatically be corrected for the effect of the reactor neutrons.
III. EXPERIMENTAL METHOD

A. Phosphor
The TLD phosphor selected for these measurements was manganese- and that for readout it must be heated to a somewhat higher temperature, with a consequently greater background from thermal radiation from the heater cornponents.
B. Calibration
Each time TLD samples were irradiated in the reactor, a more or less simultaneous irradiation was performed in a calibrated gamma-ray facility. The standard facility used was usually a calibrated C060 facility operated by the Biology Division, but for some experiments a radium facility of the Industrial Hygiene and Safety Division was used. The calibration samples were given doses corriparable to those expected in·tlie reactor run, and they were read out along with the samples from the reactor.
C. Capsules for Irradiation
During this work, we discovered that exposing the CaF2 TLD phosphor to water vapor would result in a spurious thermoluminescence (see Section IV.D). To exclude moisture during irradiation, capsules of the type shown in Fig. 1 were coristructed of Lucite, aluminum, and sthinles s steel.
The 0-ring seal was adopted after less elaborate containment failed to exclude the, moisture. On the basis of the above assign-TLD Phosphor ments, the values of fz for some materials of interest were deduced from the data in Table I . The results are listed in Table IV , where the assigned errors come mainly from the uncertainty in interpolating and extrapolating from the data in Table I .
The effective atomic where ai was taken to be the atom frac- recorder with a built-in integrator. Figure 4 is a photograph of the heater-photomultiplier as sembly. A slightly modified soldering gun was used to pass current through a stainless steel heating element, on which the sample pan was placed. When the sample was to be changed, the shutter was closed to keep light from reaching the photomultiplier tube, and the upper assembly was lifted off, exposing r-- the parts seen in close-up The part labelled "shield" helps reduce the amount of thermal radiation reaching the photomultiplier. This thermal radiation, coming from warm parts near the sample, is referred to as "black-body background," and its effect can be seen in Fig. 3 . Radiant heating of the sample, inherently more localized than conductive heating, has been used by sorne workers, with reported reduction in the black-body background.
15,17
In the present work, a blue-green filter (Corning No. and two infra- 
IV. INVESTIGATION OF POSSIBLE PERTURBATIONS TO THE TLD MEASUREMENTS
A. General
Since the object of this work was to measure gamma-ray heating in the presence 0f neutrons, it was necessary to determine whether the results were being influenced by the neutrons. Capture of thermal neutrons by the phosphor components, and effects due to fast neutrons were considered and are discussed below. It was concluded on the basis of measurements and calculations that, for the conditions prevailing during these experiments, and within the precision of the measurements, no large neutron effect was discovered.
B. Water Vapor
A perturbing factor that did at first prove troublesome was water vapor. Exposing the CaFZ Powder to a humid atmosphere for a few hours resulted in a spurious reading equivalent to a dose of about 6 rads. Moreover, even with the powder stored in a desiccator and kept in darkness most of the time, a reading equivalent to a dose of a few rads would be accumulated over a period of time, and we concluded that the powder should be baked at about 400°C shortly before using it. Vacuum drying (at room temperature) failed to erase the effect of exposure to high humidity.
After less elaborate containment had failed to work, the 0-ring seal 2 sh6wn in Fig. 1 does not lead to producti6n of heavily ionizing particles, and the cross sections for the emission: of electrons are small, so that the manganese· is the only component of the phosphor that needs to be considered in this connection. It has an appreciable cross section (13 barns) for thermal-neutron capture, and capture is followed by emission of a beta particle with energy ranging up to 2.9 MeV. However, most of the beta-particle energy is depos- ited in the wall of the capsule, rather than in. the powder.
An experiment was performed to see whether the· activation due to this process was appreciable.
First, the manganese content of the phosphor was determined by activation analysis. To make this measurement, some of the powder was All the above types ef samples, along with some straight MnC#H406, were exposed to gamma rays in the radium irradiation facility. The relative responses· were, as. given. in Table V , which shows, at least within the experimental uncertainty of +5%,that there is no evidence that the adulteration process itself leads to any spurious thermoluminescent response. Although this experiment leaves some questions unanswered, it showed that the quantitative importance to this work was marginal, and the matter was not pursued further, As was mentioned in Section II.F, emperical determination of the gr /gc ratio automatically introduces compensation for neutron sensitivity. As is noted in Section V.E below, the measurement of this ratio gives additional indication that any response to neutron capture *.
by the manganese is not large. 6
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D. Spurious Trap Creation
.5
Certain dislocations in crystal lattices can act as electron traps, and such dislocations can be created by the recoil of a nucleus upon emission of a gamma ray following thermal-neutron capture, or upon an elastic interaction with an energetic neutron. To check on the formation of per-0 6 manent traps by neutrons, an experiment was performed in which two lots 7 of phosphor were given roughly the same dose, one in the reactor and the ,·, other in a neutron-free gamma field. The trapped electrons in both lots were released by heating. Both lots of powder were then reirradiated in a gamma facility. The measured thermoluminescent responses agreed to within 1%, which is well within the estimated experimental uncertainty of 3%. Thus there was no significant permanent change in the trap population due to neutron irradiation.
There was still the possibility that traps could have been created which were destroyed by the subsequent heating. Section IV.E below describes an experiment that bears on this.
E. Trap Emptying by Fast Neutrons
A "neutron-erasing effect" has been reported for LiF TLDphosphor. Three irradiations were performed, using six samples of phosphor in the combinations indicated in Table VI . The two irradiations in the Co 60 facility were for 500 Reach, and the dose received by. the samples inthe reactor was about 800 R. The samples in the reactor were separated from the core by about 10 cm of beryllium; thus the fast-neutron. flux was not as gre.at as 'it would have been closer to the core, but the conditions corresponded. to those 6f most of the other measurements. All the· ir.radiations were made on the same day. After the usual wait of about two days, the samples were read out, with results as· listed. in Table VI . The different respenses will be referred to by the symbols given in that tab].e. Also, let q be.the fraction of the initial response Ac erased by the reactor neutrons. Then the total response Acl, of sample B is given (The datum for Sample F was not used in the above analysis. However, it provides a check on the consistency of the measurements, in that we should have Ac + Ad..= Acd, andthis is in fact the *casd to within 2%.)
An alternative approach to the above data is to assume that there is no neutron-erasing effect, and to look: for' evidence of trap creation by the reactor neutrons. Let t represent the fractional increase in the number of traps, due to the reactor irradiation. Then Ard = Ar + (1 +t) Ad, The resulting twe values of t are, then, -0.034 + 0.096, and +0.033 + 0.118. Here again, there is no evidence of spurious trap creation.
F. Dose due to Neutron Slowing Down
In a fast-neutron.flux, energy will be imparted to the TLD phosphor by recoil nuclei, particularly, in the case· of CaFZ, fluorine nuclei. Probably some thermoluminescence will be induced, although pos sibly not commensurate with the energy involved, in view of the previously mentioned reduced 10 sensitivity to densely ionizing particles.
The predicted rate of energy deposition in the phosphor, due to this cause, was calculated for the reflecto r of. the AARR.
The absorbed dose'rate D(E) due to elastic recoil from neutrons of ene rgy E i s given by4 phor by this mechanism would be difficult, but an upper -limit calculation is not. For this lattet calculation, the following as sumptions will be made, all of which are realistic or conservative: (a) all the alpha-particle energy is dissipated in the phosphor; (b) half the 5.7-MeV beta-decay energy is carried off by neutrinos; (c) half the remaining beta-particle energy is dissipated in the phosphor; (d) none of the gamma-ray energy is taken up by the phosphor; and (e) no prompt gammas accompany the (n,a) reaction -- that is, all the available energy is imparted to the alpha particle.
The F19(n,a) reaction occurs only for energies in the highestenergy REX grpup (see Section F above), which has a lower limit of 3 MeV.
Conservatively, we will assume that the entire flux in this group occurs at 6 MeV, where the (n,a) cross section is 0.3 b. At a reactor power of 50 W, and at the previously mentioned po,sition 2 cm from the core,.the flux 0 in this highest-energy group is calculated to be 2.4 x 107.n/cmz-sec.
On the basis of the above considerations, the upper limit D to the total dose rate due to the F19(n,a) N16 ( -) En is the inciderit neutron energy, 6 MeV; Ec) is 1.49 MeV, the magnitude of the (negative) Q value; and 5.7/4 is the assumed energy left inthe phosphor bythe beta particles, in MeV per particle.
The result of this calculation is that, at the power and location mentioned above, the upper-limit dose rate from this reaction is 0.63 rad/ min, which is less than 0.6% of the observed gamma dose rate (see Section F above) and therefore is negligible. The AARR will have a stainless steel pressure vessel with a 2. 4-m (48-in.) radius, w'hich will be penetrated by a number of beam tubes extending into or through the beryllium reflector. Predictions of gamma heating in the walls of the beam tubes, and in the pressure vessel near the penetrations, were desired, and the needed measurements were made in. the critical facility. The results of these and other measurements are reported below.
V. GAMMA-HEATING MEASUREMENTS IN THE AARR CRITICAL FACILITY
Most of the TLD measurements were made with the graded, fully loaded core (Core 5)--the final one in the critical-experiment series. Where a measurement was made in one of the e·arlier loadings, this will be so stated.
B. Accuracy of the Measurements
The objective of this work was to measure absolute and relative gamma-ray heating rates at various locations near the core of the AARR critical facility. For the absolute measurements, it was necessary to make absolute power determinations in conjunction with the gamma-heating measurements. The power was determined from absolute counting of fission foils that were irradiated in a few selected locations in the core while the TLD run was being made. Given these local fission rates, it was necessary to do a numerical integration over the volume of the core. Because of various complexities, the most important probably being the presence of inserted control blades with resulting local flux depressions, 
E. Measurement of gr/gc
The spectrum correction factor gr gc was rneasured by the method of Section II.F, using stainless steel capsules and a specially built ioncurrent chamber with a stainless steel wall 3 mm thick, filled with argon at atmospheric pressure. For the reactor run, the chamber was located in a voided 4 x 4-in. radial beam tube, near the inner end. Between the .tip of the beam tube and the core there was·10 cm of beryllium.
Two separate determinations yielded values of 1.28 and 1.12. Consequently the value used was-15.20 i.with an assigned uncertainty of + 10%.
In view of the diminished sensitivity of TLD phosphors. to densely ionizing particles, a value of gr/gc greater than unity indicates that the gamma spectrum in the critical assembly, at least at the point where the measurement was made, has an appreciable low-energy component as 60 compared with the Co spectrum (which consists predominantly of two lines, at 1.17 and 1.22 MeV). This agrees qualitatively with the calculational results in Table II for the 10-cm position.
Note also that any positive response to the reactor neutrons--e.g., capture in the manganese activant (see Section IV.C)--either is negligible or is more than cancelled by the spectrum effect. An appreciable negative response to neutrons was ruled out by the experiments described in Sections IV.E and IV. F.
Because of lack of time, the spectrum-correction factor was only measured at the one lotation, and all TLD measurements in the reactor were corrected by the observed value of 1.20. This is not strictly proper, as one would expect the correction to become smaller with increasing distance from the core, since (as indicated by the calculations) the gamma spectrum becomes harder. However, the magnitude of the change is not known, and moreover the uncertainty in this factor does not contribute greatly to the overall experimental error.
F. Traverses through the Beryllium Reflector '
In the first and third loadings of the critical facility, measurements were made of the rate of decrease of gamma flux through a beryllium reflector that did not contain any beam tubes. The samples were located near the midplane of the reactor, in the positions indicated in Figs. 6 and 7 . Figures 8 and 9 give the results. Because the power was not measured for the run of Fig. 8 , and because of calibration inconsistencies affecting the data of Fig. 9 , the ordinate scales give the observed dose in arbitrary units. shown in Fig. 7 .
These two experiments were.done before the water-vapor problem (Section IV.B) was fully appreciated, and the phosphor samples were irradiated in shallow holes in Teflon strips, covered by waterproof Mylar tape. However, the doses were high enough so that the overhll effect on the curves would not be large, although the points at the outer end might be high by about 10% (-6 rads). All control blades near the TLD samples -
were.fully out of the core during the runs.
The abscissa of Figs. 8 and 9 is the distance from the TLD sample to the edge of the nearest fuel. Thus for Traverses 1 and 2 of Fig. 9 , the distance is not measured along the line of traverse.
The relative amplitude of the two curves in Fig. 8 can be understood upon referring to Fig. 6 , where it can be seen that two factors tend to give a higher dose rate to the samples for Curve 2 than for Curve 1. In the first place, Traverse 1 originates at a corner of the hexagonal core, whereas Traverse 2 starts at the center of one of the faces. Secondly, the orientation of the fuel plates in the core is relevant. Since uranium and stainless steel are both better absorbers of gamma radiation than water is, one would expect the gamma flux to be higher in a.direction parallel to the surfaces of.the plates than perpendicular to them.
The outermost point for Traverse 1 is anomalously high and is as--sumed to be a bad datum point. Figure 9 shows that, for positions near the core, the p6ints for Traverses 1 and 4 are higher, respectively, than for Traverses 2 and 3. For Traverses 1 and 2, it is reasonable to ascribe at least some of the difference to the effect of fuel-plate orientation. This is not so clear for the other pair of traverses (see Fig. 7 ), but it might be that lower gamma flux in the beryllium near the right-hand side of Traverse 3 influences the results of that traverse. At any rate, the differences seem to be real, since the reading-out was done in such a sequence as to prevent systematic differences, due to possible calibration drift, between the traverses in a pair.
The observed difference between Traversds 3 and 4 will be corroborated in Section G below.
The two lower curves in Fig. 9 differ in shape from the two upper ones. This is possibly accounted for by geometry differences, since Traverses.3 and 4 approach a corner of.the hexagonal core, whereas .the other two approach a flat face. We do not understand the shape differences between the curves for the first loading (Fig.·8) and those for the third (Fig.. 9) , since one would expect similar shapes' even. for the different fuel :
arrangements. However, the TLD technique was in the early development stage when the data for Fig. 8 were taken, and we cannot rule out the possibility that a repeat measurement would now.yield different results. Figure 11 shows the results of these traverses. The ion chamber gave a curve that is nearly symmetrical, whereas the TLD traverse did not. The latter, which was made in a beryllium-filled beam tube, again correlates with the fuel-plate orientation. It is not entirely clear why.the asymmetry should not appear to the same extent in the ion-chamber traverse. However, observing that the beam tube was largely voided for the ion-chamber run, with only a relatively small amount of beryllium around the chamb'er, one can postulate that the effect is washed out because the ion chamber was responding to gamma rays originating in, The reactor power was not measured during the TLD run, and power calibration had to be based on the reactor instrument readings. Consequently, in addition·to the experimental errors indicated in Fig. 13 , there is an uncertainty of perhaps +25% in the magnitude of the ordinate. For the tangential tubes, the results are given in Fig. 16 . Here the innermost points do not coincide, which is reasonable since the samples in the 6-in core, the gamma dose rate 'is apprecia-. bly less at the tip of the 6-in 05- radius.
- Figure 18 shows the falloff upward at an angle, have passed through both beam tubes. These ratios were calculated on the assumption that there was no lateral gradient of the gamma-ray flux in the voided beam tube, over the 3-i,n. distance occupied by the capsules. This assumption is consistent with the discussion in Sections V.F and V.G, where it was observed that the asymmetric falloti to Llie right nf the centerline did not occur in a voided beam tube.
ow -\
The observed ratios should correspond with the ratios of the nlas s energy-absorption coefficients, and can be compared with Table III , as suniing that the coefficient of stainless steel is not very different from that of iron.
The two average ratios are roughly in agreement with the corresponding ones in Table III . Unfortunately, the experimental accuracy is not sufficient to permit any firm conclusions to be drawn regarding the low-energy end of the gamma-ray spectrum, although the indications are that the effective ., energy of the low-energy group, near the core, is less than 0.8 MeV.
M. Comparison with Calculations
Some gamma-ray heating rates to be expected in the critical facility were calculated by McArthy and Shaftman,11 using the computer program MAC (Multlgroup Attenuation Code). It was necessary to assume a simplified geometry for the calculations. The model for the heutron-diffusion portion of the calculations consisted of a spherical core surrounded by 30.5 cm of beryllium and 152 cm of water, while the gamma-ray attenuation was calculated on the basis of infinite-slab geometry. Corrections were applied to convert the results to approximate a finite cylindrical geometry.
Since a homogenized core was assumed, the effects of gamma-ray streaming parallel to the fuel plates were not calculated. The power distribution in the core was assumed to be flat, whereas there was in reality power peaking at the outer and inner boundaries--particularly in the ungraded cores. The computed heating rates are plotted in Fig. 24 .
The curve marked "measured" in Fig. 24 is synthesized from two of the measurements reported above. The portion outside the beryllium is taken directly from Fig. 18 ; the inner segment of the experimental curve consists of Traverse 2 from Fig. 9 . The inner segment was normalized to match the outer one at the boundary of the beryllium. Traverse 2 was selected because it was least likely to have been affected by gamma-ray streaming and hence should correspond most closely to the conditions of the calculation.
The experimental errors indicated. in Fig: 24 
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There is some indication of disagreement between calculation region. In the water outside the beryllium, the discrepancy is worse both in shape and magnitude. However, as this report is going to press, the heating rates calculated by some other codes are becoming available, with indications that the MAC results are too high and otherwise incon- Thus the significance of the calculated curve in Fig. 24 is questionable. Also, the calibration of the experimental curve is based on a single power measurement, and in general there is little in the way of experimental redundancy apart from the three points at the pressurevessel radius. Time did not permit more experiments to confirm the results.
VI. CONCLUSION A. Suggested Refinements of Technique
'
The doses used in this investigation were fairly large, with a lower limit of 5-10 rads. For doses appreciably lower than this the ratio of readout signal to black-body background would need to be reduced The result of the above experiment indicated that in qualitative agreement with calculations, the gamma spectrum in the beryllium reflector near the core of the reactor had an appreciable low-energy component.
Other experiments indicated that local heating in the beryllium re-V flector of the AARR critical assembly near the core was a.function of the nearby fuel-plate orientation, presumably because of gamma-ray streaming in the water channels.
As one of the major experimental precautions, it was necessary to avoid exposing the phosphor to humidity. We adopted the practice of baking the phosphor for a few hours at about 400°C shortly before use. Also, the capsules in which the powder was irradiated contained 0-fing seals.
The reproducibility of the measurements discussed in this report was typically about 5-10%. The absolute measurements were subject to an additional uncertainty of + 15% in the determination of the reactor power, and there was also an uncertainty of approximately + 10% in.the spectrum correction factor. Thus the net uncertainty in most of the absolute measurements reported was about + 20% (although occasionally ranging ,up to +35%). i
The principal source of uncertainty in the absolute measurements had to do with the reactor power calibration, rather than the TLD work per se. 
